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A	  brief	  history	  of	  ECCO	  —	  Es-ma-ng	  the	  Circula-on	  and	  Climate	  of	  the	  Ocean	  
(the	  development	  of	  quan9ta9ve,	  property-‐conserving	  model-‐data	  syntheses	  needed	  for	  climate	  studies)	  
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Es-ma-ng	  the	  Circula-on	  and	  Climate	  of	  the	  Ocean,	  Phase	  III	  (ECCO3):	  
Improved	  Representa-on	  of	  Ocean-‐Ice	  Interac-ons	  in	  Earth	  System	  Models	  

	  
	  
	  
	  
	  
	  
	  
	  
	  
	  

	  
	  
	  
The	  ECCO3	  project	  objec9ves	  are	  to	  study:	  
1.  the	  origin	  and	  evolu9on	  of	  water	  masses	  near	  polar	  ice	  sheets	  from	  high-‐resolu9on	  state	  es9mates,	  

numerical	  simula9ons,	  and	  adjoint	  sensi9vity	  computa9ons,	  
2.  the	  scien9fic	  basis	  for	  decadal	  climate	  predictability	  ,	  and	  
3.  the	  reduc9on	  of	  uncertain9es	  in	  sea	  level	  projec9ons	  through	  improved	  modeling	  of	  ice	  sheets	  and	  of	  

ocean-‐ice	  interac9ons.	  
	  
Achieving	  above	  objec9ves	  requires	  con9nued	  development	  of	  high-‐resolu9on,	  global-‐ocean,	  and	  sea-‐ice	  
state	  es9ma9on,	  improved	  representa9on	  of	  cri9cal	  ocean	  processes,	  improved	  representa9on	  of	  cri9cal	  
ice	  sheet	  processes,	  and	  incorpora9on	  of	  ECCO2	  and	  ISSM	  in	  GEOS-‐5.	  
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Modeling	  ice	  shelf-‐ocean	  interac-ons	  
Michael	  Schodlok	  

ECCO2	  es-mates	  of	  basal	  mel-ng	  
Freshwater	  flux	  (59	  mSv	  or	  1600	  Gt/a)	  is	  double	  
previous	  (BRIOS)	  es9mates,	  more	  consistent	  with	  
mass	  loss	  derived	  from	  ICESat/GLAS	  data	  (55	  mSv),	  
comparable	  in	  size	  with	  iceberg	  calving	  (2000	  Gt/a).	  
	  
Antarc-c	  BoRom	  Water	  forma-on	  
Freshwater	  input	  from	  basal	  melt	  decreases	  High	  
Salinity	  Shelf	  Water	  produc9on,	  which	  affects	  
Antarc9c	  Bogom	  Water	  produc9on	  and	  meridional	  
overturning.	  
	  
Coupling	  with	  ISSM	  
Experimental	  coupling	  with	  JPL/UCI	  ISSM	  is	  underway	  
for	  improved	  es9mates	  of	  ice	  shelf-‐ocean	  boundary	  
condi9ons.	  
	  
	  



Southern	  Ocean,	  sea	  ice,	  and	  ice-‐shelf	  cavity	  op-miza-on	  
Théo	  Touvet,	  Michael	  Schodlok,	  and	  Hong	  Zhang	  

A	  Green’s	  func9on	  approach	  is	  being	  
used	  to	  op9mize	  model	  parameters	  in	  
an	  eddying	  Southern	  Ocean,	  sea	  ice,	  
and	  ice	  shelf	  cavity	  configura9on	  of	  
the	  Massachusegs	  Ins9tute	  of	  
Technology	  general	  circula9on	  model	  
(MITgcm).	  
	  
Figures	  to	  lej	  display	  sensi9vity	  of	  
model	  solu9on	  to	  freshwater	  input	  
around	  Antarc9ca.	  	  Too	  much	  
freshwater	  increase	  sea	  level	  around	  
Antarc9ca	  and	  slows	  down	  the	  Drake	  
Passage	  transport.	  	  Too	  ligle	  runoff	  
causes	  winter9me	  polynyas	  (not	  
shown).	  

Sea	  level	  change	  

Drake	  Passage	  Transport	  



Sensi-vity	  of	  the	  ice	  shelf	  ocean	  system	  to	  the	  sub-‐ice	  shelf	  cavity	  shape	  measured	  
by	  NASA	  IceBridge	  in	  Pine	  Island	  Glacier,	  West	  Antarc-ca	  

(Schodlok	  et	  al.,	  submiged)	  

4 Schodlok and others: Sensitivity of iceshelf ocean system to cavity shape

Fig. 1. Left panel: bathymetry of the model domain in the Amundsen Sea. Right panel: ice shelf thicknesses for the ice shelves in front

of Abbot (AB), Cosgrove (CG), Pine Island Glacier (PIG), Thwaites (TH), Crosson (CR), Dotson (DT), and Getz (GZ). Abbreviations:

Sherman Island (SI), Burke Island (BI), Eastern Channel (EC), Central Channel (CC), and Western Channel (WC).

southward movement and which effectively blocks the onshore transport of warm CDW in the CC. While Thoma and others82

(2008) found the main inflow along CC with an eastward deflection before moving south towards the ice shelf, we find that83

the water entering the CC is mixed with and cooled from the northward moving offshore waters. The main heat is provided84

through the EC. Baroclinic instabilities at the shelf break lead to cold core eddies that move into the Antarctic Circumpolar85

Current. Furthermore, the bathymetry at the EC favours baroclinic instabilities with warm core eddies and/or warm filaments86

transporting heat onshore, feeding the heat towards the ice shelves.87

Fig. 2. Cavity bathymetry of Pine Island Glacier derived from BEDMAP (left) and from IceBridge data (right).
Cavity	  bathymetry	  of	  Pine	  Island	  derived	  from	  
BEDMAP	  (lej)	  and	  from	  IceBridge	  data	  (right).	  

Pine	  Island	  Bay	  IceBridge	  data	  reveal	  the	  
existence	  of	  a	  trough	  from	  the	  ice	  shelf	  
edge	  to	  the	  grounding	  line,	  enabling	  warm	  
Circumpolar	  Deep	  Water	  to	  penetrate	  to	  
the	  grounding	  line,	  hence	  leading	  to	  higher	  
melt	  rates.	  
	  
The	  mean	  melt	  rate	  for	  the	  IceBridge	  
experiment	  is	  28	  m/a,	  much	  higher	  than	  
previous	  model	  es9mates	  but	  closer	  to	  
es9mates	  from	  satellite	  data.	  
	  
Total	  melt	  rate	  is	  ∼7	  m/a	  higher	  for	  
IceBridge	  bathymetry	  than	  for	  BEDMAP	  
but	  temporal	  evolu9on	  remains	  
unchanged,	  indica9ng	  that	  temporal	  
mel9ng	  variability	  is	  mostly	  driven	  by	  
processes	  outside	  the	  cavity.	  



6 Heimbach and Losch: Adjoint melt rate sensitivities under PIIS
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Fig. 4. Adjoint sensitivities δ∗T = (∂J∂T )
T

at t = τf − 10 days, −30 days, and −60 days. Horizontal slices at z = −350 m and

z = −650 m on the left hand side, vertical sections on the right hand side. The solid lines in the horizontal slice plots indicate section 1

(right-center), and the dashed lines section 2 (far right). The solid and dashed lines in the vertical section plots indicate the positions of

the horizontal slices. Units are in m
3
s
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s
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at 74.89◦S a moderate negative sensitivity is again visible.
The corresponding time series of the three profiles in Fig. 5
illustrate the sensitivity evolution and its vertical structure.

The behavior, especially of the sign reversal along the 101◦W
meridian, may be surprising and warrants independent test-
ing to confirm the adjoint results. To do so, we conducted a
separate forward finite-difference perturbation experiment for
each of the three locations. The calculation consisted of re-
starting the forward model from time τf−26 days, but apply-
ing a temperature perturbation of ∆T = +0.3◦C in a three-
dimensional box of 4×4×4 grid points centered around each
individual location (identical longitudes, 101◦W, and depth
levels 640 m). The resulting melt rate anomalies with respect
to the unperturbed ones are plotted in Fig. 6 as a function of
time over the final 26-day time interval. These experiments,
which do not use the adjoint model, confirm the “predictions”
of the adjoint sensitivities, i.e. a strong negative anomaly
(significantly increased melt rates) for the southern-most lo-
cation, a positive anomaly (decreased melt rates) slightly

further north, and a moderate (and time-lagged) negative
anomaly at the northern-most position. Signs and amplitudes
of the adjoint sensitivities at all three locations are thus con-
firmed via the finite-differences.

There are significant implications for hydrographic instru-
ment positioning. The strong sensitivity at the southern-most
location seems to make it an efficient location if melt rate
variability is to be inferred from or correlated with these mea-
surements. In contrast, measurements of a 0.3◦C temperature
increase obtained slightly further to the north would be highly
misleading if interpreted naively as connecting increased tem-
peratures to increased melt rates.

There are caveats. The sensitivities are model-based, and
corroboration is needed of

(1) whether the model represents the regional circulation with
sufficient skill, and

(2) how robust the sensitivity patterns are in the face of re-
alistic hydrographic variability.

Adjoint	  sensi-vi-es	  of	  sub-‐ice	  shelf	  melt	  rates	  to	  ocean	  circula-on	  
under	  Pine	  Island	  Ice	  Shelf,	  West	  Antarc-ca	  

(Heimbach	  and	  Losch,	  submiged)	  

Heimbach	  and	  Losch	  have	  
developed	  an	  adjoint	  model	  for	  the	  
MITgcm	  ice	  shelf	  cavity	  model.	  
	  
As	  a	  first	  demonstra9on	  of	  this	  
new	  capability,	  they	  inves9gated	  
the	  sensi9vity	  of	  sub-‐ice	  shelf	  melt	  
rates	  to	  changes	  in	  the	  oceanic	  
state.	  
	  
The	  inferred	  sensi9vi9es	  reveal	  a	  
dominant	  9me	  scale	  of	  roughly	  60	  
days	  over	  which	  the	  shelf	  exit	  is	  
connected	  to	  the	  deep	  interior.	  
	  
To	  the	  extent	  that	  these	  transient	  
pagerns	  are	  robust	  they	  carry	  
important	  informa9on	  for	  
decision-‐making	  in	  observa9on	  
deployment	  and	  monitoring.	  



Kangiata	  Nunata	  Sermia	  (KNS)	  Glacier	  (Southwest	  Greenland),	  September	  2,	  2010.	  
(anima9on	  courtesy	  of	  S.	  O’Neel,	  T.	  Pfeffer,	  J.	  Balog,	  A.	  Lewinter,	  and	  R.	  Motyka)	  



Glacier	  accelera-on	  caused	  by	  spreading	  of	  warm	  ocean	  waters	  around	  Greenland	  

300-‐m	  temperature	  from	  
an	  Arc9c	  ice-‐ocean	  
simula9on	  with	  op9mized	  
model	  parameters	  and	  
melt	  rates	  sensi9vi9es	  
from	  previous	  slide	  
suggests	  massive	  increases	  
in	  subaqueous	  mel9ng,	  
exceeding	  19	  km	  per	  
summer	  in	  some	  sectors,	  
which	  must	  have	  been	  
sufficient	  to	  destabilize	  the	  
glacier	  fronts,	  unground	  
them	  from	  their	  shoaling	  
posi9on,	  and	  trigger	  flow	  
accelera9on.	  

(Rignot	  et	  al.,	  submiged)	  



Observed	  SST,	  ECCO2	  300-‐m	  temperature,	  and	  GRACE	  ice	  mass	  loss	  in	  Greenland	  

Time-‐variable	  gravity	  data	  from	  
GRACE	  indicates	  that	  mass	  loss	  from	  
Greenland	  Ice	  Sheet	  has	  undergone	  
a	  clockwise	  migra9on	  during	  last	  
decade,	  star9ng	  from	  a	  high	  loss	  in	  
southeast,	  propaga9ng	  to	  southwest	  
and	  northwest,	  and	  subsequently	  
decreasing	  in	  the	  southeast	  while	  
s9ll	  increasing	  in	  the	  northwest.	  
	  
This	  study	  examines	  how	  this	  9me	  
evolu9on	  relates	  to	  observed	  SST	  
and	  ECCO2	  300-‐m	  temperature	  
around	  Greenland.	  
	  
This	  evolu9on	  pagerns	  of	  SST	  and	  
300-‐m	  temperature	  are	  strikingly	  
similar	  to	  the	  evolu9on	  of	  GRACE-‐
derived	  ice	  sheet	  mass	  loss.	  

(Velicogna	  et	  al.,	  submiged)	  
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Dec	  1993	   Dec	  2004	  

66N	   66N	  

60N	   60N	  

(Fenty,	  2010)	  	  

MITgcm	  sea	  ice	  model	  adjoint,	  suitable	  for	  coupled	  ocean/sea	  ice	  state	  es9ma9on.	  



(Rignot	  et	  al.,	  2010) 

Numerical	  experiments	  on	  subaqueous	  mel-ng	  of	  Greenland	  -dewater	  glaciers	  
in	  response	  to	  ocean	  warming	  and	  enhanced	  subglacial	  runoff	  

Fresh,	  cold	  sub-‐glacial	  runoff	  
➔	  mixing	  &	  upwelling	  

Warm	  water	  

(Xu	  et	  al.,	  submiged)	  

22 
 

 

Figure 5. Depth-averaged melt rate on the calving face, q in m/d, versus depth-averaged ocean 

thermal forcing, TF(=Tw-Tf ) in °C, for a subglacial flux, Qsg, of (b) 25 m3/s; and (c) 0.5 m3/s. 

Panel (a) shows how we change ocean temperature versus depth at the open boundary for the 

different experiments. 

 

•  Simulated	  subaqueous	  mel9ng	  is	  strongly	  dependent	  
on	  subglacial	  runoff:	  it	  ceases	  when	  subglacial	  runoff	  
is	  zero	  and	  increases	  sub-‐linearly	  with	  the	  flux	  of	  
subglacial	  runoff.	  

•  Subaqueous	  mel9ng	  increases	  quadra9cally	  with	  
ocean	  thermal	  forcing	  when	  subglacial	  runoff	  is	  low	  
but	  only	  linearly	  when	  subglacial	  runoff	  is	  high.	  

•  For	  high	  runoff	  rates,	  simulated	  melt	  rates	  are	  in	  the	  
range	  of	  several	  meters	  per	  day,	  consistent	  with	  
limited	  field	  data.	  



Concluding	  remarks	  
	  

The	  interac9on	  between	  ocean	  and	  ice	  sheets	  on	  rather	  small	  scales,	  that	  is,	  in	  sub-‐ice	  
shelf	  cavi9es	  around	  Antarc9ca	  and	  in	  narrow	  rords	  around	  Greenland,	  may	  provide	  a	  
key	  link	  between	  observed	  accelerated	  glacier	  flow	  and	  large	  scale	  oceanic	  variability	  
and	  circula9on	  changes.	  
	  
Around	  Antarc9ca,	  a	  more	  accurate	  representa9on	  of	  ice	  shelf-‐ocean	  interac9ons	  is	  
proving	  to	  be	  a	  key	  boundary	  condi9on	  both	  for	  ocean	  and	  for	  ice	  sheet	  simula9ons.	  
	  
At	  least	  for	  the	  Pine	  Island	  Glacier,	  there	  is	  evidence	  that	  coupled	  ocean-‐ice	  sheet	  
modeling	  is	  needed	  to	  accurately	  represent	  9me	  evolu9on	  during	  past	  ten	  years.	  
	  
The	  Greenland	  problem	  appears	  more	  intractable	  than	  Antarc9ca	  at	  this	  9me	  …	  


